Abstract: Although a rhombohedral-tetragonal (R-T) phase boundary is known to substantially enhance the piezoelectric properties of potassium-sodium niobate ceramics, the structural evolution of the R-T phase boundary itself is still unclear. In this work, the structural evolution of R-T phase boundary from - 
Introduction
Piezoelectric materials, which can invert mechanical energy into electrical energy and vice versa, are extensively used in many kinds of electronic devices, such as sensors and actuators [1] . Currently, the market is dominated by materials based on lead zirconate titanate (PZT) due to their exceptional piezoelectric properties [2] . Unfortunately, the high concentration of toxic lead -over 60 wt% -causes serious harm to human health and
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contaminates the environment. Therefore, there is an urgent need to develop high-performance lead-free piezoceramics to replace the lead-based materials [3] .
Three kinds of lead-free piezoelectric materials with a perovskite structure have been widely investigated: barium titanate [BaTiO 3 , BT], sodium-bismuth titanate [(Bi,Na)TiO 3 , BNT], and potassium-sodium niobate [(K,Na)NbO 3 , KNN] [3] . KNN-based ceramics have exhibited the potential to replace lead-based materials since Saito et al. achieved a large d 33 of 416 pC/N in highly textured LF4T ceramics [4] . Recently, the construction of a rhombohedral-tetragonal (R-T) phase boundary was reported to effectively improve the piezoelectric properties of KNN-based ceramics, resulting in giant d 33 values of 490~570 pC/N [5, 6] . Although the existence of an R-T phase boundary substantially improves the piezoelectric properties, knowledge about the structural evolution of the R-T phase boundary itself from a low temperature to a high temperature is still lacking [7] . Since the piezoelectric properties are known to be closely related to the phase structure of a piezoceramic [8] , a systematic study of the R-T phase boundary from low to high temperatures is highly anticipated. In addition, the effects of the R-T phase boundary on the electrical properties, fatigue behavior, and thermal stability of ceramics still need to be further evaluated in the context of practical applications [9] .
In this work, we investigate the structural evolution of the R-T phase boundary and unveil its effects on the performance of KNN-based ceramics by means of temperature-dependent XRD patterns and Raman spectra. To construct the R-T phase boundary, we doped pure KNN
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This article is protected by copyright. All rights reserved. Field emission-scanning electron microscopy (FE-SEM) (JSM-7500, Japan) was used to measure the surface morphologies and elemental mappings of the ceramics. For the PFM measurements, the as-sintered samples were mechanically polished to ~60 μm thickness.
The PFM experiments were carried out using commercial atomic force microscopy (MFP-3D) (Asylum Research, Goleta, CA). The vertical PFM images were characterized using a 
(tan δ) were measured using an LCR analyzer (HP 4980, Agilent, USA) at room temperature.
The P-E hysteresis loops were measured at 10 Hz using a radiant precision workstation (USA) with non-poled ceramics. The unipolar strain curves of non-poled samples were measured using an MTI 2000 photonic sensor under an electric field of 30 kV/cm at room temperature.
Results and discussion
The common analysis techniques (e.g., composition-dependent XRD patterns and ε r -T curves) have testified to the existence of an R-T phase boundary [13] 
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This article is protected by copyright. All rights reserved. Subsequently, we refined the powder XRD patterns in Fig. 1 (a) using KNbO 3 modes and the Maud software package [16] ; the refined results are shown in Figs. 2(a-c) and Table S1 . The high matching and low R w and Sig values suggest that the appropriate modes were selected.
In order to identify whether the O phase existed or not at T=0 The Raman spectrum is a powerful tool for analyzing changes in crystal structures [17] . For KNN-based ceramics, the main Raman vibrations stem from the NbO 6 octahedron [18] . The NbO 6 vibrations include six modes, 1A 1g (ν 1 )+1E g (ν 2 )+2F 1u (ν 3 ,ν 4 )+F 2g (ν 5 )+F 2u (ν 6 ), where
are stretching modes and the rest are bending modes [18] .
Furthermore, the A 1g (ν 1 ) mode represents a double-degenerate symmetric O-Nb-O stretching vibration, which is widely used to determine phase transitions [18] . Figure S5 shows the Raman spectra as a function of temperature for the ceramics with x=0.03.
Spectra in the range of 500-700 cm -1 were fitted to show the variations in the A 1g (ν 1 ) and
This article is protected by copyright. All rights reserved. attributed to the successive phase transition state [20, 21] . It was previously reported that the O-T phase boundary of KNN-based ceramics exhibited a successive transition state, accompanied by a successive variation of the synchrotron powder XRD patterns [20] . The common XRD technique cannot accurately reflect such a delicate successive transition state.
Fortunately, due to its high sensitivity to variations in crystal structure, the Raman technique clearly revealed the successive transition state of the O-T phase boundary [21] . In addition, the different temperature control systems for the
phase content, above which we expect a dominant T phase [2, 3] . Finally, we know to expect a cubic (C) phase at T>T C [2, 4, 5] . Therefore, we summarize the structural evolution of R-T phase boundary as follows: Rhombohedral (R, those seen in other results [23] . Due to the involvement of the R-T phase boundary, the ferroelectric domains exhibited irregular structures, which were also observed in KNNS-BNKZ ceramics with an R-T phase boundary [22] . Then, a pattern of bias voltage was We observed an appreciable contrast in brightness accompanied by a phase difference near 180 o in the phase image [ Fig. 5(b1) ], strongly indicating a sufficient domain orientation.
Here, the voltage necessary to switch the domains was about 10 V, which is much lower
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Here, both the R-T phase boundary and the ferroelectric domains were responsible for the enhancement of the piezoelectric properties [26, 27] . Due to the coexistence of multiple phases in the R-T phase boundary, polarization rotation became easy and polarization anisotropy was significantly reduced by the flattening free energy [26, 27] , leading to an improvement in the piezoelectricity. Furthermore, as discussed above, the ceramics possessing an R-T phase boundary exhibited an easy ferroelectric domain switching, which also increased the net piezoelectricity [26, 27] .
The ɛ r and tan δ of ceramics with varying x and y under different measurement frequencies (e.g., 1 kHz, 10 kHz, and 100 kHz) are plotted in Figs. 7(a) and (b). We found that both ɛ r and tan δ were strongly dependent on the content and type of additive. When the x value of the ceramics was increased, ɛ r first increased and then decreased, while tan δ showed a slight fluctuation. When the y value was increased, ɛ r gradually increased, while tan δ first remained unchanged before increasing with y. We obtained the optimal dielectric
properties (e.g., ɛ r~2 240 and tan δ~0.04) in the ceramics with x=0.03 and y=0.035 due to the R-T phase boundary [28] . Generally, both the dielectric and the ferroelectric properties play a role in the piezoelectric properties of ferroelectric materials, according to the relationship d 33  αε r P r , where α is the electrostrictive coefficient, ɛ r is the relative dielectric constant, and P r is the remanent polarization (P r is shown in Figs. S8(c-d) ) [29, 30] . The equation
indicates that d 33 and ɛ r P r should display a similar variation. Figs. 7(c) and (d) depict the d 33 and ɛ r P r curves of the ceramics with varying x and y. We found a highly similar variation in the d 33 and ɛ r P r curves, indicating that the increased ɛ r P r was partly responsible for the enhanced piezoelectric properties [29, 30] . with x=0.03 because of the easy ferroelectric domain switching and R-T phase boundary [32] . Therefore, we conclude that the construction of an R-T phase boundary effectively improves the piezoelectric properties and strain of KNN-based ceramics.
The fatigue behaviors of the ceramics with x=0 and x=0.03 were measured as the electric-field cycles were increased to 10 6 cycles, as shown in Figs. 9(a) and (b). For both compositions, no manifest changes were observed in the P-E loops after the 10 6 electric-field cycles, indicating fatigue-free behavior. Therefore, we extracted the change in P r and E C from Figs. 9(a) and (b), and compared these to other lead-free material systems
This article is protected by copyright. All rights reserved. that is, P r slightly decreased, while E C remained almost unchanged. This phenomenon can be explained by simultaneously considering the ɛ r -T curves and the domain switching. As shown in Figure S2 wall motion, thereby weakening E C [23] . For the ceramics with x=0.03, the increasing
Conclusion
In this work, we investigated the structural evolution of the R-T phase boundary in 
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